Studying the seepage properties of broken rock is important for understanding the
Introduction
The broken rock is widely distributed in mining engineering projects, roadbed, and slopes, and has specific characteristics including a large porosity and high permeability. Its permeability is several orders of magnitude larger than that of intact rock, thereby causing seepage disasters to frequentlyoccur in a broken rock mass [1] .The permeability of rocks can be traced by Darcy, a French hydrologist, in 1856 [2] . Based on the Darcy's Law, Dupuit (1863) added a quadratic term to describe the nonlinear relationship between the hydraulic gradient and seepage velocity [3] . Forchheimer (1901) proposed the Forchheimer model of non-Darcy seepage for the problem of an excessive seepage velocity of the rock mass, which was widely used to describe the non-Darcy seepage properties of a fluid in a porous medium [4] . The Darcy's law can only describe the permeability of certain rocks [5] , and the non-Darcy properties of broken rock is mostly based on the Forchheimer model, which had achieved fruitful results. Zoback (1976) compared the deformation behavior and permeability of highly broken calcite caused by an earthquake [6] . Kumar (1995) studied the convergence speed of the non-Darcy flow on the broken coarse particle of marble, which was used to describe the flow behavior of broken rock by Forchheimer equation, Missbach equation, and Wilkins equation [7] . Legrand (2002) used the capillary model to obtain the relationship between structural parameters, Reynolds number, and the friction factor of each model during the seepage flow of broken rock [8] . Ma et al. (2014) used the Forchheimer equation, analyzed the nonlinear properties of broken rock with the experimental data obtained under a steady seepage [9] . Wang (2015) used the continuous gas flow velocity method to study the permeability of broken salt rock [10] .
Fractional calculus is an integral calculus used in the expansion of arbitrary order calculus, and is the study of the basic theory of arbitrary order of differentials and integrals, precisely describing the nonlinear problem of an advantageous tool [11] . In recent years, Yang proposed a series of new operators for theapplications of diffusion and rheology problems [12] [13] [14] [15] . He solved the fractional 3D seepage motion equation using an iteration method [16] . Choudhary used a numerical solution to solve the flow problem of two incompatible liquids and applied it to oil production [17] . Liu proposed two modified alternate directions method for solving the non-continuous seepage problems with fractional derivatives in two-dimensional homogeneous media [18] . Wang used the Laplace transform of a fractional derivative sense Swartzendruber motion equation and an analytical expression of the experimental data fitting of an unsaturated seepage analysis of the fractional Swartzendruber precision [19] .The classical Forchheimer formula plays an important role in the study of nonlinear seepage properties, but it needs to be improved in terms of an accurate description of the nonlinear seepage properties of the broken rock. This article first embarks from the Forchheimer formula, with the aid of the fractional differential method, to obtain the score expression form, and combined with the broken rock steady seepage test data, to give the analysis of the nonlinear seepage properties of the broken rock.
Experiment setup and testing procedure

Specimen preparation
In this test, the sandstone was obtained from a coal mine in Xuzhou, China. The main physical properties of the sandstone samples in this test are given in Table 1 . After the block sandstone was collected, it was divided into different groups through manual crushing and screening in a laboratory. First, the large sandstone was broken by a crusher [20] . Second, using the head of a hammer, the broken rock was broken into smaller pieces through secondary crushing. Finally, the rock particles were screened by a sieve to obtain broken sandstone pieces of different sizes, which were divided into groups of 10-15 mm (size 1), 15-20 mm (size 2), and 20-25 mm (size 3) in size. When a cylindrical specimen with a diameter of 127 mm was produced as recommended by the International Society for Rock Mechanics and Rock Engineering (ISRM), the maximum grain size of the particles used in this experiment was 25 mm [21, 22] . 
Experiment setup
There are two methods of rock permeability test: transient permeability method and steady permeability method [23] . For an unsteady seepage of broken rock, because of its larger permeability, the transient testing method for the differential pressure at the ends of the specimen will disappear within a short period of time or tend to be a very small value, which is not convenient to observe; at this time, we should adopt a steady osmosis, which is measured by the pressure gradient and its varying rate of time series, as well as the extraction of the non-Darcy flow seepage characteristic parameters.
The system (see Fig. 1 ) used in this experiment is a self-developed seepage test system for broken rock, which can provide the axial pressure, water pressure, and penetration pressure required for the test. The axial pressure is provided by MTS816 rock mechanics test system, the dual function hydraulic cylinder, oil pump station, and water pump can provide an adjustable and stable penetration pressure, and can simulate the water pressure in the project site. The stable oil pressure is provided through the oil pump station to control the double acting hydraulic cylinder and provide a stable penetration pressure. The pressure sensor, flow sensor, and data collector are used to collect the seepage pressure and flow during the test in real time. 
Testing procedure
This experiment used a change in the displacement to control the change in porosity of the sample and obtain the sample permeability characteristics, which change with the porosity (see Fig. 2 ); the key is to obtain the seepage velocity and pore pressure gradient of two physical quantities.
In this test, the particle size Considering that the broken rock mass is the actual size in the mining engineering project, which is often 10 times, or even dozens of times, that of the test size, the Reynolds is far greater than 10, which is beyond the scope established by the Darcy's law, and belongs to the non-Darcy seepage. 
Test parameter calculation
where ρ is the mass density, µ is the dynamic viscosity of the water, k is the permeability, β is the non-Darcy flow, β is the factor of the broken sandstone,υ is the seepage velocity, and p G is the absolute value of the pressure gradient with ( )
Taking the derivative of both sides of equation (1) with respect to velocityυ , we get 2 ,
Equation (2) means that the derivative of pressure gradient with respect to the seepage velocity is linearly related to the seepage velocity.
The experimental results show that more satisfactory results can be obtained by replacing
With the aid of the Caputo fractional derivative, we can write equation (2) 
where 0 C D α υ is denoted as the Caputo fractional derivative [11] , and the left subscript is the minimum value of the independent variable υ .
The Laplace transform of equation (3) can be represented by the two-parameter Mittag-Leffler function [24] , i.e., , 1 (2 )
where the general special function is denoted as follows [11] :
Experiment results
Nonlinear flow properties of broken sandstone
Many research results, presented the water flow in porous media, which is characterized by the significant nonlinearity between the pressure gradient and seepage velocity. In order to specify the nonlinear seepage features of broken sandstone, we use the Monte Carlo method to fit the relation between the pressure gradientand seepage velocity in the test process of three groups of particle size, the permeabilityand non-Darcy flow, and factor of broken sandstone (see Table 2 ). As is seen in Table 2 , the permeability is distributed at a ratio 16 12 4.62 10 3.01 10
, and the non-Darcy flowfactor is distributed at a ratio of 11 14 1.85 10 1.20 10 × ×  . This indicates that the seepage in the broken sandstone presents obvious nonlinear characteristics. To see these nonlinear characteristics more directly, only a particle size of 20-25 mm was selected as an example. . This is because, in the compression process of a broken rock sample, a broken rock sample with large particle size has a relatively larger water channel, and thus its water conductivity is obviously stronger. However, the non-Darcy flow β factor is negatively correlated with the particle size, which can be represented well by 
The coupling effect of porosity and particle size on permeability parameters
From the analysis in upper sections, the nonlinear properties of the broken sandstone seepage rate parameter k and non-Darcy flow β factor are both influenced by the porosity and particle size, and the following is from the angle of the coupling analysis showing how both nonlinear parameters are influenced. φ Fig.6 The coupling effect of porosity and particle size on permeability and non-Darcy flowfactor.
The permeability of broken sandstone with different grain sizes is positively correlated with the porosity, that is, the higher the porosity is, the stronger the permeability. With the same porosity, the greater the particle size is, the stronger the permeability, which is due to the geometric shape of the broken rock, whereas the greater the particle size of rock is, namely, its irregularity, the greater the probability of a possible channel occurring during the process of compaction, and the greater the effect of the permeability properties of the broken rock and the developed channel.
With the increase in porosity, the non-Darcy flow β factor shows a rapid decrease at first, and after a slowly decreasing trend, the inflection point reduction reaches near a porosity of 0.225, which is due to the broken sandstone in the compaction process; in addition, with crushed, broken, and mobile stones blocking part of the seepage channels, a decrease in the entire rock porosity occurs, voiding the change in spatial distribution, and gradually deviating the permeability from the Darcy characteristics, which are significant characteristics of a non-Darcy flow.
Conclusion
Making use of the control of the displacement of broken sandstone seepage properties, a self-developed and broken rock seepage test system under the steady-state osmosis was studied under the different pressure gradients, nonlinear seepage properties of the broken sandstone, and the porosity and particle size effect on the permeability parameters. Based on the Forchheimer equation and fractional calculus theory, the nonlinear seepage equation of broken rock is established. The test results show that the equation can describe the nonlinear seepage properties of broken rock well. The permeability of the sandstone was positively related to the relationship with the porosity, which is due to the broken rock during the compression process, the original pore structure broken tiny particles filling blocking water channel, smaller broken rock porosity water less obviously. The non-Darcy flow β factor has a negative correlation with the porosity, which is due to the fact that the broken rock sample with a large porosity contains more water conduction channels, and its non-Darcy flow inertia potential is relatively low. The nonlinear properties of broken sandstone, namely, permeability k and non-Darcy flow β factor, are positively and negatively correlated with the particle size, which can be characterized through the exponential function.
This is due to the broken rock during the compression process, in which larger particle size and broken rock sample incur a relatively larger water channel, and significantly stronger water capacity; however, the non-Darcy flow inertia potential is relatively lower. 
